The systematic value of the middle-ear ossicles, in particular the malleus, has been long recognized for diverse groups. We present systematic work on the characters of the middle-ear ossicles of pinnipeds, focusing on until now poorly studied Southern Hemisphere species. Mallei were extracted from 16 specimens of pinnipeds belonging to five austral and one boreal species of Phocidae and two austral species of Otariidae. Several characters used in this study have been described previously, and some were here modified. Three new characters are here defined and analysed. All characters were mapped onto the phylogeny. Our character analysis shows the transformations that have occurred in the evolution of middle ear ossicles in pinnipeds and identifies diagnostic features of many of its clades. Beyond the identification of specific changes within eachclade, our study of pinniped ossicle evolution documents the occurrence of anatomical convergences with other groups of mammals that live in an aquatic environment, as has occurred in other organ systems as well.
Introduction
The systematic value of the middle-ear ossicles, in particular the malleus, has been long recognized for diverse groups (Schmelzle et al., 2005; Wible and Spaulding, 2012) ever since the outstanding descriptions by Hyrtl (1845) and Doran (1878) and their accurate drawings. The comparative anatomy of the ossicles of carnivorans has been particularly well studied (Wible and Spaulding, 2012) , and among these studies those on pinnipeds are noteworthy given the aquatic specializations and high disparity of this group (Figure 1; Fleischer, 1973) . We here present a systematic work on the characters of the middle-ear ossicles of pinnipeds, in part expanding on previous works (e.g., Berta and Wyss, 1994; Wyss, 1987) and particularly focusing on until now poorly studied Southern Hemisphere species. Doran (1878) described and figured the ossicles of a variety of pinnipeds. A brief description and drawings of the ear ossicles of Ommatophoca rossii were included in the anatomical description by King (1969) , and a description and photos of those of the austral species were included in Loza (2016) . The middle-ear ossicles of the extinct stem pinnipedimorph Pteronarctos were described and figured in Berta (1994) , whereas those of the extinct odobenid Imagotaria downsi were described and figured in Repenning and Tedford (1977) .
Materials and methods
Mallei were extracted from 15 specimens of austral pinnipeds (belonging to five species of Phocidae and two species of Otariidae), one specimen of a northern phocid (Phoca vitulina) , and one ursid (Ursus maritimus) ( Table 1) . Images were obtained with a scanning electron microscope (SEM) Jeol JSM 6360LV at the Electronic Microscopy Center of the Museo de La Plata, except for the malleus of Phoca vitulina which was scanned at the Center for Microscopy and Image Analysis of the University of Zurich using a JEOL JSM-6010, a tungsten cathode scanning electron microscope. The specimens were not coated and the SEMs were set to low voltage. Middleear ossicles of Ursus maritimus were photographed using a camera (Leica DFC 420 C) mounted on a stereoscopic microscope Leica MZ 16. Other taxa were included based on Doran's (1878) drawings (Table 1) . Two fossil species were added to the analysis based on published descriptions and illustrations: the stem pinnipedimorph Pteronarctos goedertae from Berta (1994) and the odobenid Imagotaria downsi from Repenning and Tedford (1977) .
We used the standardized nomenclature of middleear ossicles of Wible and Spaulding (2012) . Several characters used in this study were introduced by Wyss (1987) , and Berta and Wyss (1994) ; some were modified here (Table 2) . Three new characters are here defined and analysed. All characters were mapped onto a phylogeny using Mesquite V.3.31 (Maddison and Maddison, 2017) . The topology used to map the characters is mostly based on Arnason et al. (2006) ; fossil pinnipeds were added according to Boessenecker and Churchill (2015) . The mallei were measured (malleus length, manubrium length, manubrium percentage of the total length of the malleus, head length, and head percentage of the total length of the malleus) using a binocular microscope (Figure 2 and Online Supplementary Information 1). We followed the taxonomy as given in Wilson and Mittermeier (2014) .
Results and discussion

Anatomical description of the otariid and phocid malleus
The pinniped malleus has two very different morphologies, and the characters that we discuss here are shown in Figure 3 . The otariid malleus ( Figure 1A ) is characterized by a rounded head and the presence of a keel (K) delimiting two articular facets divided by a ridge (R). In contrast to phocids ( Figure 1B ), the proportion of both articular surfaces (superior and inferior; ASMH) on the malleolar head is large. The articular facets are ellipsoidal and concave; the groove that surrounds the articular facets is peripheral, without an exterior bony rim as an anchoring groove (as is present in phocids). The otariid neck (Mn) is long and narrow compared to that of phocids and lacks any process (see RP, MP, Cob in phocids. Figures 1A, B ; 4B-G, I; 5A-H). The otariid manubrium (Mb) is long and has a sub-triangular shape (in posterior view). Its distal end forms an inflected, small projection (B). The lateral process (Lp) and the rostral process (RP) are visible in the otariid malleus, whereas the muscular process is not visible. The head of the malleus of phocids is proportionally much larger than that of otariids. It is anteroposteriorly compressed and sub-triangular to sub-circular in shape. The anterior surface is irregular with some striations and is traversed on its lateral border by a deep groove (ASMH), which forms the osseous lamina (Ol) ( Figure  5B -D, I)(towards the beginning of the neck, ending in a rostral process (RP), which is large compared with that of otariids).
Posteriorly ( Figures 1, 4) , the articulation zone consists of two joint facets, one superior (Saf) and one inferior (Iaf), both with variable contour according to the species and separated by a convex ridge (R) (Doran, 1879) . Dorsally on the head of the malleus of phocids, 2. Anterior concavity on malleolar head: 0 = absent; 1 = present (Wyss, 1987: character 24) .
3. Osseous lamina and rostral process on malleus: 0 = unreduced; 1 = rudimentary or absent (Wyss, 1987: character 23; Berta and Wyss, 1994: character 48) .
4. Relative length of manubrium in respect to the total length of malleus: 0 = >55%; 1 = 55% or smaller (modified, Wyss, 1987: character 26) .
5. Relative size of malleolar head: 0 = standard (20%); 1 = enlarged (20-40%); 2 = >40% (new character).
6. Malleus: 0 = standard; 1 = enlarged (Wyss, 1987: character 22; Berta and Wyss, 1994: character 46) . there is a laminar extension of bone (DSMH). Each articular facet is surrounded by an anchoring groove (Ag). A crest runs obliquely (oblique crest, Cob) from the most lateral part of the head to its center. Unlike in otariids, the neck of phocids is short. There is a "lateral groove of the neck" (Lsn) between the head of the malleus and the lateral process. The phocid manubrium (Mb) is long and has a triangular section in its first half (moderately evident in L. weddellii); distally it flattens and becomes thinner. It has a triangular and spatulate lateral process (LP), which is shorter in L. weddellii and O. rossii than in other phocids.
The rostral process (RP) is well developed, short and projects from the head.
The muscular process (MP) is not evident in M. With respect to the incus, in addition to the obvious differences in size between those of otariids and phocids, in the latter the incus has a globular body so that the joint surfaces are proportionally small relative to the rest of the body, while in otariids the joint surface is greater. A deep groove (Dgi) is observed on the articular facets of the incus of phocids, which is not present in otariids.
Character mapping
Our character analysis shows the transformations that have occurred in the evolution of the malleus in pinnipeds and identifies diagnostic features of its clades. In a terrestrial environment (where sound travels in the air), the middle ear increases the pressure of created by the sound to surpass the impedance of the fluid around the organ of Corti. Variations in size and shape of the middle ear ossicles relate to hearing acuteness. In an aquatic environment the middle ear is practically useless because the sound may enter any part of the head and be transmitted directly to the organ of Corti (Reppening, 1972; Hemilä et al., 2006) . The changes of the middle ear ossicles in pinnipeds are therefore affected by different degrees of aquatic occupation, whereby size changes have played a major role (Repenning 1972) . Cetaceans and sirenians differ from pinnipeds in the retention of a muscular process on the malleus and the lack of an anterior concavity on the head of the malleus; their mallei are also several times more massive than those of phocids (Wyss, 1987) . Doran (1878) already noted the extreme reduction of the muscular process of the malleus (MP) ( Figure 3 : character 1; Table 2 ; Figures 4, 5) in ursids and some musteloids, for example procyonids. This character was discussed in Berta and Wyss (1994) , who reported that based on the sample at the Field Museum of Natural History "the muscular process is indeed invariably absent in bears". Our examination of a juvenile specimen of Ursus maritimus (ZMZ 15199) contradicts this observation: the muscular process is reduced, but visibly present. The muscular process ( Figure 3 : character 1; Figure 4 ) in pinnipeds is even more reduced or completely absent. Rudimentary muscular processes were observed in Ursus maritimus (not visible in the medial view of Figure 4I ), Pteronarctos, and some phocids (Phoca groenlandicus, Erignathus barbatus, Leptonychotes weddellii, Ommatophoca rossii, Lobodon carcinophaga; see Figure 4B , D, F, G; Figure  5D , F), whereas the mallei of otariids bear no trace of a muscular process. Doran (1878) observed the absence of the muscular process in Odobenus, but its presence is mentioned and illustrated in Kastelein et al. (1996) . This ambiguity is represented in our scorings and considered a polymorphy. To conclude, the reduction of the muscular process is a symplesiomorphy for Pinnipedimorpha as this feature is shared with Ursidae and some musteloid families (e.g., procyonids). The complete absence of a muscular process characterizes otariids and possibly odobenids ( Figure 5A-C) , whereas in phocids this feature is variable, being much reduced in some species ( Figure 5 E-G) . The threshold between an extremely reduced muscular process and its absence is difficult to establish.
An anterior concavity on the malleolar head (ACMH) ( Figure 3 : character 2; Table 2 ; Figure 5A -D, I) was reported by Doran (1878) for all pinnipeds, including Odobenus. The same condition is also known for ursids (Wyss, 1987) , including Ursus maritimus. The presence of this concavity in adult specimens of Odobenus was contested by Wyss (1987) , although he did find it in young individuals and hence scored it as present in his analysis. The photographs of Odobenus in Kastelein et al. (1996: fig. 19 ) show this concavity, but the specimen is indeed a young (two years old) individual. As the concavity is clearly present in the fossil odobenid Imagotaria downsi, the absence of it in adult specimens of Odobenus, if confirmed, would be an autapomorphy for the species.
The rostral process (RP) and osseous lamina of the malleus (Ol) ( Figure 3 : character 3; Table 2 ; Figures 4, 5) are well-developed in Ursus maritimus, whereas in the stem pinnipedimorph Pteronarctos they are smaller. These two structures are also reduced in all examined pinnipeds, but the degree of reduction is difficult to quantify (see Figure 5D , I -an Ol for Phoca vitulina-). Fleischer (1973) opened the skulls to study the ossicles in their natural position. He reported a rather long rostral process for Phoca vitulina (Fleischer, 1973. fig. 55 ) and Arctocephalus pusillus (Fleischer, 1973. fig. 54 ). In both cases the rostral process was fused to the tympanic part of the temporal bone. Wible and Spaulding (2012) pointed out that the osseous lamina in some mallei illustrated by Doran (1878) must be broken because of this fact. However, the drawings from Fleischer (1973) indicate at least a reduction of the osseous lamina and rostral process in pinnipeds compared to those in Ursus maritimus.
Based on Wyss (1987) , we compared the proportion of the manubrium relative to the length of the malleus (Mb/Ma) ( Figure 3 : character 4; Table 2; Figure 2 ). The manubrium of Ursus maritimus (60% of the malleus length) is the longest in our sample, but the relative manubrium length of Martes and Procyon falls within the range of pinnipeds. Therefore, the character is uninformative for the selection of taxa of interest.
The relative enlargement of the head of the malleus ( Figure In comparison with other carnivorans of similar size, the middle-ear ossicles of phocids have often been considered as greatly enlarged (e.g., Doran, 1878; Repenning, 1972; Wyss, 1987) . Nummela (1995 : Table 1 and Fig. 2 ) compared the collective weight of malleus and incus with that of the skull among mammals and found that the ossicles of phocids are remarkably massive in respect to their skulls, whereas in many other mammals (including the otariid Callorhinus ursinus) the skull and ossicle weights are strongly correlated. Strong intraspecific variation in body size (and weight), sometimes related to age and sexual dimorphism (which is most extreme in Mirounga leonina; Hammill, 2008) , limits the ability to generalize and use this character more objectively. For a proper assessment, one should analyze the skull and its associated middle ear ossicles for a few specimens of each species, including males and females and possibly specimens from different geographic areas. The remarkable enlargement of the middle ear ossicles in phocids, cetaceans and sirenians clearly indicates adaptations to an aquatic life. The detailed mechanism for pinniped hearing underwater remains unclear and it is possible that sound causes the whole head to vibrate. In such a scenario, the massive ossicles may be advantageous for underwater hearing by providing a differential motion between the stapes and the vibrating cochlear capsule (Hemilä et al., 2006 and references therein).
The shape of each articular facet (inferior and superior) on the malleolar head (character 7; Table 2; Figure 3 ) is circular in phocids and Odobenus, whereas it appears semicircular in otariids ( Figure  4) . Furthermore, the articular facets of otariids are enlarged in proportion compared to the other pinnipeds. In carnivorans, the articular facets are generally broad, but in phocids and odobenids the articular facets are smaller, perhaps the shape is linked to the increased size of the head (Wyss, 1987 ). An exceptional arrangement of the articular facets was observed in O. rossii, where the two facets are in convergence instead of divergence to each other ( Figures 4G; 5G) , and ca.
90
0 rotated with respect to the position of the malleus in the other pinnipeds studied here.
Character 8 was first described by Hyrtl (1845) , but has never been scored in an analysis.It refers to a small, thick process below the articulation surface near the base of the neck of the malleus (= "dicker Fortsatz" in Hyrtl, 1845:65) . This secondary articulation is directed to a similar structure on the incus (Fleischer, 1973; Hyrtl, 1845 )(our EAS in Figure 4H ). Doran (1878) referred to this structure as an "extra articulating surface" (our EAS) and it is illustrated for Phoca vitulina (Doran, 1878: Plate LIX, fig. 28 ) and Pusa hispida (Doran, 1878: Plate LIX, fig. 31 ). According to Doran (1878) , this may be a modified muscular process. We found it in ZMZ specimen of Phoca vitulina (see Figure 4F ) and also scored it in Pusa hispida based on the observations of Hyrtl (1845) .
The shape of the malleolar head dorsal to the articulation surface ( Figure 3 , character 9; Table 2 ; Figures 4, 5) is diagnostic at the family level. The area above the articulation surface in Ursus, Martes, Procyon and odobenids is a smooth rounded surface of small extent, representing the globular part of the head, as seen in other mammals (e.g. Felis, Canis, Lontra, Nassua, Suricata; see Doran, 1878) . Phocids show a prominent and rather concave osseous bulge, whereas in otariids there is no visible bone dorsal to the articulation surface ( Figure 4B -H vs. Figure 4A, I ).
Beyond the identification of specific changes within each clade, our study of pinniped ossicle evolution documents the occurrence of anatomical convergences with other groups of mammals related to the aquatic environment, as has occurred in other organ systems (e.g. modified limbs, reduction of the external earsize, achievement of a thick periferal fat layer). Examples discussed here are the enlargement of the malleus, the shortening and thickening of the manubrium, andthe enlargement of the incus (see Online Supplementary material 2 -compared incus-).
In the inner ear, Loza et al. (2017) reported how the Ross seal (Ommatophoca rossii), the most aquatic of pinnipeds, has reduced semicircular canals and proportionally reduced para flocculus relative to those of other phocids, in parallel with what is known for cetaceans. Our study discovered unique features of the Ross seal in the malleus that suggest a transformation similar to that of cetaceans expressed in the convergence of the articular facets of the malleus to each other(e.g. Doran, 1878: Plate LXII) instead of divergence. These facets are ca. 90 0 rotated as compared to other pinnipeds. Functional studies (Hemilä et al. 1995; Mason, 2016) might reveal the potential mechanical significance of this change (see discussion in Solntseva, 2013) , should it have any.
